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® Plasma processing reactor and process for plasma etching. 

© A domed plasma reactor chamber (10) uses a device such as an antenna (30) driven by RF energy (LP, MF. 
or VHF) which is eJectromagneticaJly coupled inside the reactor dome (17). The antenna (30) generates a high 
density, energy plasma inside the chamber (16) for etching metals, dielectrics and semiconductor materials. 
Auxiliary RF bias energy applied to the wafer support cathode (32C) controls the cathode sheath voltage and 
controls the ion energy independent of density. Various magnetic and voltage processing enhancement 
techniques are disclosed, along with etch processes, deposition processes and combined etch/deposrtion 

Pr ° C ^ SW : ™ S a,l0W8 pf0C6S * n ° * sensrtive ***** <5) without damage and without microioading, thus 
providing high yields. 
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1 FIELD OF THE INVENTION 

P^cZT ' nVen,, ° n re ' a,eS ! ° RF P ' aSma Pf0CeSS ' n9 reaCt0fS °' aPP3ratUSeS ™ a access : 0 r 
2. DESCRIPTION OP THE RELATED TECHNOLOGY 

.JTrnTa*^ ""T^ **™ ***** haS resul,e<3 components and ,ev,res of 

s !«,h o , 9 ^ elec,r,ca "y sens,,lv « suscept.bie to damage wn en sud.ecea o !L 

uT« " r" 35 aODrOX ' mate, V 200-300 volts due to energenc pan.ce borne *' t 
cTnZ t Unf0,1Unately - SuCh v0,,a 5 es «• o' waller magn.tuoe than me voltages to wn, C n rY H- 
components are sub.ected during standard ,ntegra,ed cram fabneauon processes 

rea down tS ' 93,6 d#V,CM m3y °« dama0ed ^ cfw *-°- r,su.,.r. ; „ ^ 

breakdown. Th S can occur ,n a plasma process when neutral.zat.on of surface charge coes n Ci -~ r 

ZconnT, , P nf Sma P K ,em,a ' /0r aenS " V ' ° f ° y ' afge RF **-««™ currents Conductc « 
interconnect lines may be damaged for sim.lar reasons as well. 
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Consider first prior art semiconductor processma systems such « rvn , 
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ion Sux den^ 1 £ STrlf IT": 6 " ^ ^ °' *• -d Leases me 

wafer (cathodeT sheatfT vSS« J^^! T? , ^ 8,98 ratM} °' approximately (8-10) to 1. and develop 
(60 p»TS2l?ff ^ ?J P T m-Wy 800 V °' tS - ^ aPpiiCation 01 3 magnetic field of 6 x ,0-T 
ISS^S ^^T^^ ^ ^ - t0 — *»«» 

gradkmtlal*e7tS « ducted diametrically across the wafer. The plasma 

unl^nje?^ ^ ■» wafer. The nco 

^S^n^vl^ ^ maflnetiC -round the wafer, typically either by 

aSSn? SZ^^ToT^ by ^ ^ 01 coil, which are driven in 

field Strang .^^,2^^^^ <n r tan80U8,y S8teC,iV ^ ^ »° -agnetc 
Cheng et aL 1 WW ^ J »W <n the name of inventors 
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Mi crowave/ECR Systems 

enerav-enhancmg low frequency electr.cal power is coupled to the water suppon » 

JT* the pias'a. Thus. ,ne probability of wafer damage ,s decreased relative . P^ioa s^em 

M-crowave and m.crowave ECR systems operated at practica. power leveis .cr *™- nc — 3 
processing such as etch or CVO require large waveguide lor power ^ ^ ^ ; 

irect,ona? couplers, creators, and dummy loads tor operate Ac*u,onaly ^ ^ n ,.r 

for m,crowave ECR systems operated at the commercially available 2 45 GHz. a magnetic 
gauss .. necessitated, requmng large electromagnets, large power and ^ ^ e ™ n,s fcf 2 , 5 ., M; 

M,rrowave and m.crowave ECR systems are not readily scalable. Hardware .s avanace tcr 2 « -h. 

Microwave and m.cro a e * Qwave ovens 915 MHz systems are also available, aithcugn =» 

tignt process comru iu a ^.-m,,^ f or examole for a 5-6 m. m.crowave cavity. Dy using a 

ssK "trn^rrsr u : ^ ~ ™- — 

power density and thus plasma density. 
HF Tr ansmission Line System 

European paten, app.ications 91H2905.4 and 91112917.5 are incorporated *£%^ n 
references are disclosed a high frequency VHF/UHF reactor system in wh.ch the reactor chamber s 
on Zed ,n panas a transm.ss.on line structure for applying high frequency plasma generating ^ * 
Z Tamoe f om a matching a networi, The unique integral transmission line structure perm.tsj a^ac o 

, of me requirements of a very short transmission line between the matching network and the load and 
Im'sTe uZ of datively high frequences. 50 to 800 MHz. <t enables the efficient. comro...oj. 
app^cation of^ RE plasma generating energy to the plasma erodes Jar g~£g co = 
acceotatole etch and deposition rates at relatively low ion energ.es and low sheath voltages. The relatively 
ETXlf^ » iwb*"* * damage to electrically sensitive small geometry sem-conduoor 

s ZTZ v^Fsys^avcL vanou^ prior art shortcomings, such as the above^escnbed 

^i^^z^ is to proper ^ ^^™nrrms sy rr3 r; s 

. ' ^ hv -1 ee ojasma process apparatuses of any one of the independent claims 1. 2. 3. *. 5. 
TT«Z u aS «i^Tn^em^20. Further advantageous features, aspects ^and detans of 
« L rvltic^e evSe^om Wdependent claims, the description, examples and the drawings t*. 
" Z^ZZZ^e ^dUtcJaTa first non-,imiting approach of defining the invention ,n gen... 

invention provides piasma reactor which uses a radio frequency <RF) ^ a — 
coil antenna for inductively coupling the associated RF '^T^.^JlS^^ 9m v^r^x* 
« in one aspect the invention which overcomes prior art shortenings "J-^*" ^s^H^ 
and operation of an RF plasma processing system ^t^l^^ZTl ^Z^ 
and a processing region: means for inductively coupling RE etectrwnagjwocjwergy 

penned. feTES. at ««!^^ 



aTTsource region electrode whJch is electrical* °^^L^^^<Z^^^ 
enhancing plasma processing. Trie construction of the 80U, **J[^ 0 " «!S^oiSe^cl^a^^ 
defining me source region may include siRcon for enhancing P~^^f ^,00 
PrSerabry. LF/VHF (tow frequency to very high frequency) RF power ™f 
u MHz is used. More preferably, LF/HF power within the ^^^^^^^^T^ 

is a multiple turn, cylindrical coil antenna of uncotiea etecmcai ""N" 1 

high frequency RF excitation energy applied to the coil antenna during plasma operation. 
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The invention also provides rr.eans connected to me antenna for tuning the antenna to rescr-^c.e :s 
well as load means connected to the antenna to match the input impedance of the source to the outcut 
impedance of the means for supplying RF energy for the antenna. The tuning means may be a vanacse 
capacitance electrtcally connected between one end of the antenna and RF ground. The toad means may 
be a variable capacitance electrically connected between the other end of the antenna coil and RF grcurc 
RF energy may be applied via a tap at a selected location along the coil antenna. 

In another aspect the system includes a dielectnc dome or cylinder which defines the source region 
Preferably, the coil antenna surrounds the dome for inductively coupling the high frequency electromagnetic 
energy into the chamber The article which is fabricated can be located within the source region or come 
within or closely adjacent :he volume or the bottom turn of the antenna, or preferably, downstream :f r*e 
antenna. 

The invention also provides means for supplying gas to the chamber which comprises a gas -met a: :r~ 
top of the dome, a first ring manifold at the base of the dome source regton. and a second ring ranf.: r 
surrounding at the wafer support electrode, for selectively supplying processing diluent, cassiva;;':'- \c: 
other gases to the chamber. 

in yet another aspect, an AC power supply and control system capaotively couples AC Cias ccwer 
typically of the same or similar frequency as the source cod power, to a wafer support cathode, tnerecy 
effecting control of the cathode sheath voitage and ion energy, independent of the plasma density centra 
effected by the source radio frequency power. The system provides bias frequency selected to acnieve a 
number of obiectives. First, the upper frequency limit is selected to prevent "current-induced" damage ia 
too high frequency can cause charge-up damage to sensitive devices.) The lower frequency itm.i <s 
selected in part to preclude "voltage-induced" damage. Lower frequency bias also yields htgr.er *ater 
sheath voltages per unit bias power (less heating of substrates) and contributes less to plasma density ana 
thus affords better independent control of ion density and energy. However, a too low bias frequency allows 
ions to follow the RF component of the wafer sheath electric field, thereby modulating ion energies. The 
result is a higher peak-to-average energy ratio and wider (double peak) ion energy distribution. Very low 
bias frequency causes insulator charge-up, inhibiting ion-induced processes during part of the cias 
frequency period. Conveniently, the preferred frequency ranges for satisfying the above consicerations 
correspond to the source frequency ranges. That is, preferably LF/VHF (low frequency to very nign 
frequency) power within the range 100 KHz to 100 MHz is used. More preferably. LF/HF power within the 
range 100 KHz to 10 MHz is used. Most preferably, MF (medium frequency) power is used within the range 
300 KHz to 3 MHz. 

The invention further provides control means for cyclically pulsing the DC bias voltage between low and 
high values selected, respectively, to form a passivation coating on a first selected material on the wafer for 
providing a relatively tow etch rate of that material and for selectively etching a second selected material at 
a relatively high rate and selectivity. 

In another aspect the chamber is evacuated by a first vacuum pump means connected to the chamber 
proper and a second vacuum pump means connected to the dome for establishing a vertical pressure 
differential across the dome for establishing a flow of neutral particles out of the dome, and wherein the 
voltage at the wafer support electrode is sufficient to overcome the pressure differential so that charged 
particles flow toward the chamber proper. 

Other aspects include a conductive, Faraday shield of different configurations which is interposed 
between the coil antenna or other coupling means and the chamber to prevent coupling of the electric field 
component of the high frequency electromagnetic energy into the chamber. Also, a high frequency reflector 
positioned surrounding the coil or other coupling means concentrates radiation of the high frequency energy 
into the chamber. 

Magnetic enhancement is supplied by peripheral permanent or electromagnet arrangements which 
apply a controlled static magnetic field parallel to the axis of the antenna, selected from uniform, diverging 
and magnetic mirror configurations, for controlling the location of and the transport of the plasma 
downstream relative to the wafer. Also, magnets may be mounted around the source and/or the chamber for 
applying a multipolar cusp field to the chamber in the vicinity of the wafer for confining the plasma to the 
wafer region while substantially eliminating the magnetic field across the wafer. In adefition. a magnetic 
shunt may be positioned surrounding the wafer and the wafer support electrode for diverting any magnetic 
field from the wafer support electrode. 

The system construction permits scaling of its size by selecting the frequency of operation. while 
retaining low mode operation. 

In other, process aspects, the invention is embodied in a process for generating a plasma, comprising 
providing a vacuum chamber having source and process regions; supporting an article on an electrode in 
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the process region: sopping process.ng gas to me chamoer: us.ng a y^g^^™.™ 
one coil turn having an electncal length < x;4 where.n .s the wavelength of RF ene gy aco'.eo .c m 

ruc^coop-ng RF energy ,nto the source region for generatmg a pU-mj* 
more matenals on the artide: and capac.tively coupling RF energy .nto the chamber v,a the support 
aiaetrode for controlling sneath voltage at the support electrode. 

The process also may encompass automatically and rterat-ve.y tuning the antenn* , c , r esonance ano 
racing the input impedance thereof to the impedance of the RF energy supply for 

in another aspect, .he process for generate a plasma composes ^^^^ ^™ * 
source and process regions, and having walls, an electrode ,n the ^™^ c *£^™<™ 9 
source region; connecting the electrode ,n the process reg.on. the walls o the charnpe ^arc c 
electrode e.ectr.caily. w„h the process reg.on electrode be.ng me cathode, me wails oe.ng me a..oce r 
he lletLa! conn e ct,on o, the source e.ectrode be.ng selected from 

suopomng an an.de on ,he electrode ,n the process reg.on; supply.ng proce «'^« » J£ ; ^ \ 
us.no a cyl.ndr.cal co.i antenna of one or more co.l turns and hav.ng an e.ectr.cal length < v.4 „ne, * . 

s.Hcon Z "he source electrode may be RF biased, for ,ee.ng the s.Hcon ,n,o the plasma to ennance the 

PrOC , e n S ano 9 ther aspect, the antenna power and the bias power delivered to the electrode are controlled .or 
selectively effecting anisotropic, sem.-anisotrop.c and .sotrop.c etching. 

An aspect of the process encompasses etching silicon ox.de .n the presence of silicon, the use of 
s.licon enna" ement a'nd/or the use of add.tives such as CO and CO, for selectivity ^ and etch oro * 
enhancement The process encompasses cyclically driving the bias voltage to a low value selected to .orm 
a'etchTuppressrng layer on me s.licon and to a high value to etch the s.Lcon ox,de at a high rate Native 

t0 ^The 1 process according to a further aspect also provides sputter depos.tion of s.l.con ox.de and me 
orocess of «rs applying Ltively low level RF power to the support electrode for depositing s.hcon ox.de 
^ 9 n^ fcve. RF power to the support electrode for ne« soutter facet 
depositing silicon oxide and planarizing the silicon oxide. 

Soecific process aspects include but are not limited to etch.ng ox.de. .nclud.ng etching contact holes ,n 
J£ ^olySEn (po.ycrysta.line silicon) and etching via botes in oxide formed over ^aium.num 
SSiTSr^SJo of siS oxide and po.ysi.icon: high rate isotropic and anisotropic ox.de etch.ng 
i^po^fc^«Suci« such as gates; photoresist stripping: anisotropic etch.ng of ^rysuu 
sW isotropic photoresist etching: low pressure plasma deposition of nrtnde and oxynrtnde. high 
SeTt^cSd^ of oxide, oxynitride and nitride; etching "^uc* as aluminum 
^ium^c^pounds TSy. thereof; and sputter facet deposition, tocal.y and globally, and with 
planarization. 

Brief Description of the Drawings 

FIGURES 1-3 are simplified sectional views of a plasma reactor chamber in accordance with the 

R G T^ are srternatfc diagrams of tuning circuits for matching the impedance of « power generator 

with the impedance of a plasma load; ^ , ^ .--^na «> 

FIG. 10 is a graph showin g how r etc h rates for silicon and silicon dioxide vary with Increasing dc bias 

voltage in a plasma etching process; ««n*et of the 

F1oTi is a graph showing the waveform of a dc bias voltage *Jf~^^™f^^ 
InLtx^.wt^th^ 

STi2 b, a graph lowing the w*«form of a dc bias 

invention, wherein the bias voflage is varied about an average value >* a 

amplitudes of the excursions of bias vottage are varied m accordance with a second frequency, tower 

£ isTdiagrarrwnaac view of the plasm, processing chamber, showing an arrar^ernent of magnets 

for errf«ncement of plasma density an unrformtty; , . . _ ^ , 

FIGS. 14A-140 are diagrams showing how an axial magnetic field may be shaped with respect to a wafer 
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Demg processed, to ennance processing; and 

FIGS. 15A and 158 are fragmentary diagrams depicting two alternative Faraday snieia structures :cr 
reducing a steady state electrostatic field coupling to the plasma in trie chamber; and 
FIG. 16 ts block diagram of an illustrative system for controlling the various components of plasma 
reactor of the invention. 

Detailed Description of the Preferred Emb odiment(s) 
l. OVERVIEW 



FIGS. 1-3 are schematic sectional views of a plasma reactor chamber system 10 for processing a semi- 
conductor wafer 5 which uses an inductive plasma source arrangement, a magneticaily-ennanced'ciasma 
source arrangement, a capacitively coupled bias arrangement and other aspects of the present -nvent.-cr 
The three figures illustrate preferred and alternative features of the system; three figures are u$eo ce<:3u:e 
of drawing space limitations. The exemplary chamber is a modification of that depicted m me accve- 
mentioned co-pending incorporated patent applications, which include an integral transmission me struc- 
ture. The salient features of the invention are applicable generally to plasma reactor chamoers Funnermcre. 
it will be understood by those of skill m the art and from the description below that various features of the 
invention which cooperatively enhance the performance of the reactor system may be used separately or 
may be selectively omitted from the system. For example, the process conditions provided by the inductive 
plasma source arrangement and capacitively coupled bias source arrangement frequently eliminate any 
need for magnetic enhancement. 

The exemplary system 10 includes a vacuum chamber housing 11, formed of anoaized aluminum or 
other suitable material, having sidewalls 12 and top and bottom wails 13 and 14. Anodized aluminum tS 
preferred because it suppresses arcing and sputtering. However, other materials such as bare aluminum 
with or without a process-compatible liner of polymer or quartz or ceramic can be used. Top wall 1 3 has a 
central opening 15 between a lower chamber wafer processing section 168 defined between wails 1 2- 1 2 
and an upper chamber source section 16A defined by a dome 17. The dome may be configured as an 
inverted single- pr double-walled cup which is formed of dielectric material such as. preferably, quartz or 
several other dielectric materials, including alumina and aipha-alumina (sapphire). In the preferred arrange- 
ment shown in FIG. 1. the dome 17 comprises a cylindrical wall 17W of dielectric such as quartz and a 
cover or top 17T typically of aluminum or anodized aluminum. For processes such as high selectivity oxide 
etching, a silicon or silicon-containing top wall means, and silicon covered dome sidewalls are preferred. 

As shown in FIG. 1 . the evacuation of the interior of the chamber housing 1 1 (chamber 16) is controlled 
by a throttle valve 18 (which regulates pressure independent of flow rate) in a vacuum line 19 which »s 
connected to the bottom wall 14 and connects to a vacuum pumping system 21 comprising one or more 
vacuum pumps. 

As described in Section 10. the chamber components, including the chamber walls and dome, can be 
heated and/or cooled for process performance. For example, the dome can be heated or cooled by a liquid 
or gas heat transfer medium, or heating elements can be used to. heat the dome directly. 

As described in Section 2 and depicted in FIG. 2, process gases, purge gases, diluents, etc., can be 
supplied to the chamber by three manifold injection sources. G1. G2, G3. located, respectively, at the base 
of the source (dome), the top piate 17T of the source, and peripheral to the wafer. The gases are supplied 
to the chamber 11. for example, typically from one or more sources of pressurized gas via a computer- 
controlled flow controller (not shown). At the main gas inlet manifold Gl, the gases enter the internal 
vacuum processing chamber 16, as indicated at 22, through a quartz ring 51 gas manifold 52, which is 
mounted on the inside of or integral with, top wall 13, The manifold 52 preferably supplies etching gas 
and/or deposition gas at a sflght upward angle to the chambers/chamber sections 168 and 16A for 
developing an etching and/or deposition plasma upon appftcation of RF energy. A top manifold arrangement 
G2 In the top plate 17T of the dome 17 may be used to inlet reactant tad other gases into the chamber 16. 
AJso, a manifold arrangement G3 may be provided which is peripheral to the wafer to supply reactant and 
other gases. 

RF energy is supplied to the dome by a source compris in g an antenna 30 of at least one turn or coil 
which is powered by an RF supply and matching network 31. The antenna 30 preferably has a multiple turn 
cylindrical configuration. The coil 30 defines a minimum conductor electrical length at a given frequency 
and a given source (coil) diameter and preferably has an electrical length less than one-quarter wavelength 
(<x/4) at the operating frequency. By rtseff, the antenna 30 is not a resonator but is tuned to resonance as 
described below in Section 5 for efficient inductive coupling with the plasma source by Faraday's law of 
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Preferably the gas flow from the chamber source section 16A is downward toward me wafer 5 arc is 
then pumped radially outward from the wafer. To th.s end. an annular vacuum manifold 33 may be defined 
about cathode transm,ss.on line structure 32. between cnamber wall 12 on one s.de and the cuter 
transm.ss.on iine'conductor 320 on the other, ana between the chamber bottom wall U on the bottom and a 
conducive pump.ng screen 29 on the top. The man.fo.d screen 29 is interposed between the vacuum 
man.fo.d 33 and the wafer process.ng chamber ,68 and prov.des a conducive electnca pa* . between 
rhamoer walls 12 and the outer conductor 320 of the transm.ss.on line structure 32. .he maddd 33 
def,nes an annular pum C ,ng channel lor ,m D lemen„ng un.form radial pump.ng of exhaust gases .rem me 
o penpnery of wafer 5. The exhaust mao.foid 33 commun.cates .nw the exhaust gas system i.ne 9 The 
Mow „ along paths 22 from manifold G. .mo the dome/source and/or along path 24 i,om man-foc .2 .r,o 
the dome/source and/or along paths 26 from man.fo.d G3 radially .nward 

qas flow ,s along path 34 from the upper chamber source sect.on 16A towara wafer 5^ aiong pa,„ .6 -cm 
fhe wafer and through screen 29 .n«o the gas outlet man-fold 33. and a.ong path 3, from exraus, 

5 man,foid 33 to the exnaust system 2. It shou.d be noted that the conducive manifold screen 29 ana re 
cathode ,ransm. SS ,on line structure are opt.onai. T y p,ca.iy. at the low end of the frequences of .n.eres.. e 
waveienath .s very long and. thus, the transm.ss.on line structure .s unnecessary. 

Ts contrast with conventional RF system arrangements, in wh.ch the RF power ,s appl.eo ne^een 
rwo electrodes, typ.caily the wafer support electrode. 32C. the upper surface of which supports wafer 5. and 

o a second electrode wh.ch ,s the s.dewalls 12. top wall 13 and/or man.fold 23 of the reactor chamber 

Specifically the antenna 30 .s pos-t.oned .outside and adjacent the dome 17 and the plasma cnamcer 
,6A for coupling the RF e.ectromagnet-c (em) energy ,nto the source chamber 16A to induce eiectnc ..e.ds 
,n the process gas. 8y Faraday's Law of induction coupling, the chang.ng 8 (magnet.c) component of ,he 
em energ energ-zes the process gas and thus forms a plasma in chamber 16 (numeral ,8 , collectively 

, designates the chamber ,6A and ,68 and the plasma) charactenzed by re.at.vely h,gh , den«y nd tow 
energy ions. The plasma is generated in the dome 17 concentrated in the small volume defined w,th,n the 
co.1 antenna 30. Active species including ,ons. electrons, free radicals and excited neutrals move down- 
stream toward the wafer by diffus.cn and by bulk flow due to the prevailing gas flow described herem aisc, 
as described in Section 7 an appropriate magnetic field can be used to extract ,ons and electrons toward 

30 the wafer as described below. Optionally, but preferably, a bias energy input arrangement 4, FIG . K 
comprising a source 42 and a bias matching network 43 couples RF energy to thewafer *^ 
32C for selectively increasing the plasma sheath voltage at the wafer and thus selecttvely .ncreas.ng the .on 

Trefle^r^which essentially is an ooen-bottom box encloses the antenna at the top and sides but 
35 not at the bottom. The reflector prevents radiation of the RF energy into free space and thereby 
concentrates the radiation and dissipation of the power in the plasma to enhance efficiency. 

As described in detail in Section 7. a Faraday shield 45. FIG. 3. may be positioned ,ust .ns.de. above 
and betow the antenna 30 to perm* the magnetic field coupling to the plasma but preclude direct electric 
field coupling, which could induce gradients or non-uniformities in the plasma, or accelerate charged 

40 ^'£S^£*oo 8. optionally, one or more electromagnets 76.76 . FIG. 13. or permanent 
magnets are mounted adjacent the chamber enclosure 11 for providing a magnetic field for enharwngthe 
density of the plasma at the wafer 5. for transporting ions to the wafer, or for enhancing plasma uniformity^ 
As is described fully in Section 4. the invention uses the magnetic component of inductively coupled 

« dectroma o netJc energy, typically at frequencies much tower than microwave or microwave-ecr frequences 
— r^c^J^^eWinsTa vacuum chamber for generating a plasma characterized * hjh 
density and relatively tow energy, without coupling potentially damaging ^^^^^f^ 
wafer 5. In the preferred, illustrated ctownstream plasma source arrangement 
absorbed rerrx^ frc<n the wafer, with Wgh plasma density, ensuring ™J"™^ n ££^ * 

so the wafer and thus minimizing the probability of damage. Selectively, and opoc^. RF bias energy • 
applied to the wafer support electrode 32C for increasing the wafer sheath voltage and. thus, the on 

is capabto of processing sernl<onductor wafers- *P^ A «* «^ 
total cnamber pressures d abc^ 1^ x 10"' bar to about 6.68 x 1(T* bar (about 0.1 mT to about SOtorr). 
ss and. for etching, typtealty 1 .33 x 10"' bar to 2.66 x 10- bar (0.1 mT Id *^^*^™"Z% 
at pressures <8JBs7ur* bar (< 5 millitorr) and, in fact, has run successfully at 2.68 x 10- bar (2 
milHtorr). However, higher pressures are preferred for certain processes ba ^ < ^J'*£^^* 
speed and higher flow rates. For example, for oxide etching a pressure of about 6.85 x 10- bar to 
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aoout 6.65 x lO"' bar (about 5m T {milhtcrr) to accut 50 mT) >s oreferred. 

Such relatively high pressures require close spacing oetween the source and the wafer The cnamcer 
can operate successfully at very suitable, close spacing, d, between the wafer 5 and the bottcm turn of the 
antenna 30 of about 5 centimeters/ 2 inches without charge-up damage to sensitive dev.ces and. thus, is 
> aole to realize the advantages of such very close spacing: enhanced etch rates and selectivity: reduced 
bias voltage requirement and ion energy requirement for a given etch rate; and enhanced etch un.fcrm.ty 
across the wafer. For example, reducing the spacing, d. between the wafer 5 and the source antenna 30 
from 10 cm/4 ,n (wh.ch itself is dose spacing) to 5 cm/2 m has reduced the voltage requirement by haif ana 
has increased the uniformity from aoout 2.5 percent to about i percent. 

2. MULTIPLE GAS INJECTION 

As mentioned, our chamber incorporates multiple gas injection sources Gl. G2. G3. FIG 2. frr *r e 
purpose of .njecting reaction, purge, etc.. gases at different locations to enhance a particular creeps 
according to the requirements of that orocess fetching, deposition, etc.) and the particular mater-aws) usee 
•n that orocess. First, the chamber includes a standard radial gas distribution system Gl at the penonery of 
the base/bottom of the source regton 16B. in a presently preferred configuration, the Gl injection svstem 
comprises a quartz gas distribution ring 51 at the bortom of the source and a peripheral annular man.lac 52 
defining a distribution channel which feeds gas to the ring. The ring has inward facing radial hctes 53-53 
and. preferably, stepped sintered ceramic porous gas diffuser plugs 54-54 inserted m the holes to crevent 
hollow cathode discharge. 

The second gas injection arrangement. G2, comprises a grounded or floating or biased dome too date 
17T of material such as anodized aluminum having a center gas inlet hole 56 filled w.th a porcus ceram.c 
diffuser disk 57. 

The third gas injection source, G3. comprises a ring-shaped gas inlet man.fold 58 mounted at the 
periphery of the wafer 5 (or a gas inlet incorporated into the clamp ring (not shown) used to hefd the *afer 
m position against the support pedestal). 

Example: Etching Silicon Oxide Over Polysilicon Using Polymer-Enhanced Selectiv ity 

As alluded to above, various types of gases selected from etchant and deposition species, passivation 
species, diluent gases, etc.. can be supplied to the chamber via one or more of the sources G1 through G3. 
to satisfy the requirements of particular etch and deposition processes and materiaJs. For example :he 
present inductive source antenna 30 provides a very high density plasma and is very effective in 
dissociating the gases in the dome source region 16A of the chamber. As a consequence, when a polymer- 
forming species is supplied to the dome via G1, or G2, the highly dissociated species may coat the .ntenor 
of the dome at the expense of coating the polysilicon and/or may be so fully dissociated that n does not 
adhere to the polysilicon surface which is to be protectively coated. A solution is to inlet etchant soeees 
such as CaF« or CF 4 into the source region 16A via G1 or Q2 or via Q1 and G2. and supply a pc.ymer- 
forming species such as CH,F or CHF 3 via inlet G3. to form a polymer preferentially on the pciy *.mout 
destructive dissociation. 

Example: Etching Silicon Oxide Over Polysilicon Using Silicon-Containing Gas Chemistry 

Because of the high dissociation of the gases in the source region, fluorine-containing gases even 
those in which the fluorine is tied up with carbon) typically produce free fluorine which etches silicon and. 
thus, reduces the etch selectivity for oxide. When high selectivity is required, a silicon<ontaining aoatjve 
gas can be injected to tie up the free fluorine and diminish its siicon etching. The etchant gas m* tne 
silicon-containing additive gas can be introduced separately via Gl and G2 or can be introduced as a 
mixture via Gl and/or GZ Suitable fluorine-consuming stiicornxntaining additive gases indue* sum 
(SIM*), TEOS, diethyisilane and silicon tetrafluoride (SJF*). 

The fluortne<onsuming and polymer-forming additive gases cm be used together in the same process 
to jointly enhance etch selectivity. 

Example: Silicon Oxide Deposition 



Deposition rate is enhanced by supplying the oxygervcontaining species and a diluent such as O? and 
Ar a via G1 and/or G2 and supplying a siHcorxontaining gas such as SiH*. via G3. 
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3. DIFF ERENTIAL PUMPING 

FIG 3 dep.cts an alternative vacuum pump.ng configurate in addition to the ^^^t^ 
21 Ten ,s co'nneced ,o or near the bottom of the chamber, a vacuum pump 39-1 . C(jH£«d v - e 38 
1p -crce rea,on- l6A .nside the dome 17. The Mow rates cf the" pump.ng systems 39 and 21 are se.ec.ed 
Z ^.nev aenerate verL.y across the source reg.on 16B a pressure different*!. AP P . wh,ch „) opposes the 
^olnTZZTol^s from the source ,6A to the wafer S. yet ,2, i. of 

•orce F exerted by the b.as voltage on chargeo part.cles such as electrons and .ons. As a consequence t 
vP uncna ged P an,c.es such as ratals do not reach ,he water 5. but rather flow pr.dom.nan.tv cut ■ e 
^vacuum connect,on 38 As a conseouence ^. > A P a . -.narged electrons and ,ons Mow 3 ,eccm.nan,.v 
io V proces .ng Reg.on. Th,s approac.n ,s useful, ccvous-y -nere „ ,s des.red to select.veiy weec -ace. 
cu ,Vo" out o. .he water proc.ss.ng r eg ,on That s.tuat.on occurs, for .xamp^i, ounng ^ .p. 
uSPC po, y mer.form l ng gas chem.stry. Cut powers are termed .n .he source region wh.c achee . 
cna^oer s.cewa.s ana' r .o not achere we., to me oes.red water surface and/or ,2! -en fluor.ne ^ 
are formed m the source region, 

4 RF POWER. TOP AND BIAS SOURCES 
i) Too or Antenna Source 

Hefernng to FIG i . preferably, .he ooerat.ng frequency of the RF power supply 31 for the <°o source 30 
,s selected ?o prov,ae a dense plasma, to m.n.m.ze damage to sensitive dev.ces and to prov.de .H.aem 
noucte coupling of the RF power to the p.asma. Spec.ica.ly. the upper frequency of the operating ,«nge 
stmi ed die "currennnducea- damage. The lower „m„ of the operating frequency ,s se.ec:ea ; o 
erf ae cy of RF power coupling to the plasma. Preferably. LFA/HF (low frequency to very h.g freouencv, 
AC Mwer within the range about 100 KHz to 100 MHz ,s used. More preferab.y. LF/HF (low frequency to 
• ighTequencJ) power w.thm the range .00 KHz to 10 MHz ,s used. Most preferab.y. MF (meoum 
frequency) power within the range 300 KHz to 3 MHz is used. 

; 2). B ottom or Bias Source 

The AC power supply 42 for the wafer support cathode 32C. capacitively couples RF power to the 
p.asma thereby effecting control of various factors including cathode sheath voltage and -on energy wh.ch 
^TntroJed independent of the pUisma density control effected by the high *^ m ^J*J£ 
i freouencv is selected to achieve a number of objectives. First, the upper frequency l.mit is selected to 
Ze^Jn^^Zg^ damage to sensitive devices. A tower frequency is selected in par, to 
ZZZe^™^*** damage Lower frequency bias also yields higher wafer sheath voltages per un.t 

5 aJ ^er TerhSjTslslrates and contributes less to plasma density and. thus, affords better 
indtcTnZt Sr??£ density and energy. However, a too tow bias frequency allow, «ns .o o ^e 

o RF component of the wafer sheath etoctric field, thereby moduUtfng ion 

higher eW^-average energy ratio and wider (peak-tc-peaR) -on W «*u«£ V«y ow as 
frequencVcauses insulation charge-up. inhibiting ion-induced processes dunng part of the bias frequency 

We have discovered that, convenient*, the above considerations can be satisfied using bias frequency 
« ranc^ n correspond to the sourc* frequency ranges. 

ranoVabout 100 KHz to about 100 MHz (LFA/HF frequencies). More preferably, the frequency of me *as 
£ZVilin«e range about 100 KHz to about 10 MHZ ^^uency). Most preferably. me 
frequency of the bias power is within the range 300 KHz to 3 MHz (MF frequences). 

so 3). Combined Operation of Top and Bias Sources 

A preferred feature of the invention Is to automatically vary the bottom or bias poww supplied by P^"®' 
supp^TTmaintain a constant cathode (wafer) sheath voHage. At ^wpres*^ (<S00 mt, « ^y 
asyTmetnc system, the DC bias measured at the cathode 32C is a c^e^«rr^ ^ 
« sheath voftage. Bottom power can be autcrnatically varied to ™^*?^J^J^™ 

r« very Kttie effect on plasma density and ion current o^stty^Topor """^TZ^^ 
Song effector, plasma density and on current density, but ^^J^^^^^ 0 
Therefore, it is desired to use top power to define plasma and ton current densrties. and bottom power to 
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define cathode sneath voltage. 

Because the radio frequency of me source 31 driving the antenna 30 is nonetheless mucn :cwer than 
the frequencies used in microwave or microwave-ECR applications, the optional smaller magnets operated 
at lower DC current by less expensive power supplies can be used, with associated smaller heat loads, in 

5 addition, as is obvious from the above discussion, coaxial cable such as 31 C can be used instead of wave 
guides. In addition, the plasma non-uniformities caused by the E x 3 electron drift m other magnetic- 
enhanced or assisted systems are absent here, because the aopiied magnetic fields (both the magnetic 
component of the HF field applied via the antenna 30 and any static magnetic field applied by magnets 31) 
are substantially parallel to the electric field at the cathode. Thus, there is no £ x 8 drift m the system 

to A magnetic shunt path formed with a high permeability material may be used to aiicw a 8 field n me 
source (upper chamber 16A) but not at the wafer 

Optionally, permanent or electromagnets may be placed m a multi-polar arrangement around :he c*er 
chamber 168. typically m an alternating pole norrh-south-nonh-south . nonh-south arrangement. \c :e r e'.ate 
a multi-cusp magnetic mirror at the source and/or chamber walls The magnets may ce vertical car 

75 magnets or preferably horizontal nng magnets, for example. Such magnets may be used to reduce electron 
losses to the walls, thus enhancing plasma density and uniformity, without subjecting the water to magnetic 
fields. 

4) Combination and Synchronism of RF Sources 

20 

As indicated above, the preferred frequency of operation of the top or antenna HF source ana the 
preferred frequency of operation of the bottom or bias RF source both fall conveniently into the same range 
One optional configuration approach is to combine these two RF sources into one single source, instead of 
using two separate sources. More generally, the possibilities are to supply all three RF signals (including RF 

25 bias to the third or top electrode) from a single source, or to use one source for the antenna and bottom 
bias and a second source for the third electrode, or to use three separate sources. To the extent that 
separate sources are used, additional considerations are whether the separate RF signals should be equal 
in frequency and, if so, whether they should be locked in some desired phase relationship. Preliminary 
study indicates that the answers to these questions depend, primarily on the selected frequencies of 

30 operation. If a single frequency can be conveniently chosen for two or three of the RF sources, and if the 
frequency is unlikely to be changed for different processes for which the system is used, then a single RF 
source is the logical choice. If different frequencies are needed for the sources, based on the considerations 
discussed in subparagraphs 1-3 above, or rf the frequencies may need to be changed for use in different 
processes, then separate RF sources will be needed. In the case where there are separate sources and the 

as same frequency is selected, phase locking is an issue. For example, the sources may be synchronized 
such that the phase angle between the RF voltage input to the antenna and the RF voltage input to the 
bottom or wafer electrode is maintained at a constant value that is chosen to optimize process repeatability. 
At higher frequencies, such as above about 10 MHz, operation appears to be independent of phase or 
frequency locking. 

40 

5. ANTENNA TUNE AND LOAD 

1) Tuning 

45 Typically, the antenna 30 is tuned to resonance by (1) varying the frequency of the generator 31 to 
resonate with the antenna; or (2) a separate resonating element , connected to the antenna for tuning to 
resonance. For example, this tuning element can be a variable inductanceHo^ground or a variable 
capacrtaiKe-to^gnxjnd. 

Please note, inductive and capacrtive tuning decreased the resonant frequency. As a consequence, rt is 
so desirable to build the system to the highest desirable resonant frequency to accommodate the decrease in 
resonant frequency when using capacitance or inductance tuning variables. 

Automatic tuning is pr e ferred and may be executed by using an impedance phase/magnitude detector 
to drive the tune/toad variables. See FIG. 18 and Section 9. Alternatively, a reflected power bridge or VSWR 
bridge may be used to drive both tune and load variables, but iteration is required. 

55 

2) Loading 



Conductive, capacitive or inductive load means L can be used to match the source antenna 30 to the 
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impedance of the RF generator 31 and the connecting ccax.al cable 31 C For example, a tao cr w-cer may 
be ohmically contacted to the antenna close to or at the 50 ohm or 300 ohm or other generator cutout 
.mpedance location along the antenna. Alternatively, a variable inductance or a variable capacitance may be 
connected to the generator output impedance point 50 on the antenna. 

5 

3). Tune and Load Circuits 

Referring to FIGS 4 to 9. preferably, tune means T is provided which is integral to the source antenna 
30 to tune the source to resonance. Also, integral load means L is provided to match the input .mcedance 

to of the source antenna 30 to the output impedance of the associated power generator 3i 'cr rrar.sm.ssicn 
i.ne 3iC). Referring to FIG. 4, m one aspect, the tune means T .s a variable capacitance which . s e!ec:rcanv 
connected between one end of the antenna 30 and RF ground. 

As snown .n FIG. 5. m another aspect the load means L may be a variable caoactance *p.c-. -s 
electrically connected between one end of the antenna and RF ground. Also, the load means nav be a 

is variable position tap 60 which applies RF input power to the antenna. See FIG. 6. 

in a preferred combination shown in FIG. 7. the tune means T is a variable capacitance wn.cn . s 
electrically connected between one end of the antenna 30 and RF ground and the load means L »s another 
var.abie capacitance which .s electrically connected between the other end of the antenna and RF ground 
in th.s arrangement, the RF input power can be applied to the antenna via a tap. that is. by a tap 60 aooiied 

20 along the antenna or at either end thereof. See FIG 8. Alternatively, the RF power input connection 66 can 
be positioned at substantially the connection between the load variable capacitance L and the eno of the 
antenna 30. as shown in FIG. 9. 



25 



30 



6. SOURCE BIAS PROCESS CONTROL 

The invention also incorporates the discovery that the etch rate of materials such as silicon dioxide -s 
increased and the etch selectivity of silicon dioxide relative to materials such as silicon is increased by 
using a sufficiently high bias voltage to provide a hinn silicon dioxide etch rate and periodically pulsing the 
bias voltage to a low value. 

1) Pulse/Modulated Bias-Enhanced Etch Rate and selectivity 



Referring to FIG. 10. typically the etch rates of materials such as silicon dioxide. SiO*. increase with the 
bias voltage. Thus, increasing the bias voltage increases the etch rate of the oxide. Unfortunately, however. 

35 the etch rates of associated materials in the integrated circuit structure such as silicon/polysilicon also 
increase with the bias voltage. Thus, the use of a bias voltage of sufficient magnitude to provide a very high 
silicon dioxide etch rate also effects a silicon etch rate which (although somewhat lower than the oxide etch 
rate) is undesirably high and reduces selectivity. Quite obviously, when etching silicon dioxide it is highly 
desirable to have the high oxide etch rate characteristic of high OC bias voltages. V h , combined with the 

40 relatively low silicon etch rate characteristic of tow DC bias voltages, V,. and. thus, high oxide selectivity. 

Referring to OC bias voltage wave form 70 in FIG. 11 , the seemingly contradictory goals expressed in 
the previous paragraph of combining the V h and V, characteristics are. in fact achieved in polymer-forming 
etch processes (those processes which form an etchsuppressant polymer on materials such as silicon) by 
using a high base line OC bias voltage. V ht and periodically pulsing or modulating the voltage to a tow 

45 value, V,. V, is at or below the crossover poinVvoltage 68, FK3. 10. between silicon etching and silicon 
deposition, yet is at or above the oxide crossover point/voltage 69. As a result a protective polymer is 
deposited on the silicon to suppress etching thereof during return to the high rate etch voltage. V hl but no or 
insufficient deposition occurs on the oxide to significantly suppress the etching of the oxide at V h . 
Preferably. V, is characterized by deposition on the pory. but at toast slight etching of the oxide. In a 

so presently preferred embodiment the values of the parameters; VVtfhe high OC bias voltage), V, (the tow OC 
bias voltage), Pw (the pulse width of the tow voltage. V,), and P* (the pulse repetition rate or combined 
width of the low voltage and the high voltage pulses) are, respectively, -400 V, -225 V, about 0.1 seconds, 
and about 1 second. 

55 2) Oual Frequency Bias 

An alternative approach is depicted by OC bias voltage wave form 71 in RQ. 12. A relatively low 
frequency voltage variation is superimposed on the bask: bias voltage frequency. For example, a slow 
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frequency. T 2( < 25 KHz {preferably, 5 - 10 KHz) may be superimposed or mixed *ur. the case race 
frequency, T, , < 2 MHz. Silicon oxide is an insulator; sdicon/poiysilicon. typically, has only a very thin native 
oxide layer. Thus, the low frequency T 2 DC bias voltage variations are not seen at me cxice surface 
because it charges up. However, the essentially uninsulated poly responds to the low frequency T 2 m a 
manner similar to that described previously by forming a protective layer during the low voltage excursicn 
72 (V,) of the low frequency, T 2 , cycle. This low frequency-formed layer inhibits etching during the vanade 
high voltage excursions 73 of the high frequency. T t . cycles. As mentioned, the insulating nature of silicon 
dioxide prevents etch suppressing deposition thereon during the low voltage excursions of T ? ana the oxice 
etch proceeds unabated during the high voltage portions of the T, cycle. 

In short, a protective layer is formed on the silicon during the low voltage excursions 72 cf the lew 
frequency cycle. T 2 . suopressmg silicon etching during the high voltage excursions 73 cf the nigr. 
frequency cycle, Ti. which etches the oxide rapidly without deposition suopression. The result, similar c 
that for the pulse/modulated approach described above, is a high silicon oxide etch rate, a relatively 
overall silicon etch rate and high etch selectivity for oxide. Please note, the puiseo/mccutaieo azct'zac^ < 
presently preferred to the dual frequency bias approach because of the precisely controlled nature or tre 
former approach. 

7. FARADAY SHIELD 

Consider the typical antenna 30 coil configuration with the load capacitor L at the input end and the 
tune capacitor T at the far end and with the voltage relatively low at the input end and mucn higher at the 
far end. The bottom coil turns, which are closer to ground, are connected to the low voltage RF input. 
Typically, a plasma is struck by the electrostatic field associated with the relatively high voltage turns near 
the tune end. which initiates the plasma by electrostatically inrtiating breakdown of the gas. Following 
initiation of breakdown, the coupling to the plasma becomes majnly electromagnetic, that is inductive. Such 
operation is well known. Under steady state conditions, typically both electrostatic coupling and electromag- 
netic inductive coupling exist. Although the electromagnetic coupling dominates, some processes may be 
sensitive to the electrostatic field. For example, etching of poiysilicon requires low energy particles and low 
energy bombardment to avoid etching any oxide. 

Referring to FIGS. 1 and 15, to decrease the steady state electrostatic field, our chamber optionally 
incorporates a Faraday shield 45. In one embodiment shown in FIG. 15A. the structure is what we term a 
"single" Faraday shield 45S comprising a cylindrical array of grounded spaced, axially extending posts or 
bars, etc., surrounding the dome walls 17W and antenna 30. The single shield may vary from large spacing 
configurations to those having very small gaps between me shield sections. 

FIG. 15B depicts a so-called "full* Faraday shield 45F comprising a pair of concentric shields spaced 
so that the bars of one overlap the gaps of the other and vice versa. This precludes line of sight paths for 
the electric field lines through the shield and thereby shunts the electrostatic field. 

Although various configurations of the Faraday shields 45S and 45F are possible, the presently 
preferred configuration is the outwardly flanged, electrically conductive, open-ended cylinder configuration 
depicted in vertical cross-section in FIG. 1 . The single or double wall apertured shield surfaces 46, 47. 48 
extend around the top, inner (source) and bottom sides, respectively, of the antenna while a ground side 49 
(which may be solid) is positioned at the outside of the antenna This configuration allows the axially- 
directed, magnetic component of the em wave from the antenna 30 to induce closed loop electric fields in 
and parallel to the plane of the antenna, which generate the plasma 16. However, the shield 45 capacitively 
shunts the direct electric field component to ground and prevents the direct electric field component of the 
high frequency electromagnetic energy from coupling to the plasma. Without the shield 45, the varying 
voltage aiong the antenna would couple to the plasma in accordance with Maxwell's equations for capaotive 
displacement current coupling. This may induce non-uniformities and gradients in the plasma density and in 
the energy across the wafer 5 and result in process rxxninftormtty and high energy charged particles. 
Faraday's Law expressed in integral form requires that a changing magnetic field through a surface results 
in dosed electric fields in that surface. MaxwelTs equations that describe the phenomenon in differential 
form specify that the curt of the induced electric field is proportional to the negative time rate of change of 
the magnetic field. For sinusoidal excitation, the curt of the Induced E is proportional to the radiant 
frequency of the changing B field as well as its peak amplitude. 

In short a discontinuous or siitted or sectioned Faraday shield minimizes the shorting effect of the 
shield on the changing em field from the coil, reduces eddy current losses, and allows coupfing of the radio 
frequency, axially directed fringing magnetic field to the plasma for inducing dosed loop electric fields 
which generate the plasma, but precludes direct coupling of the electric field (which varies along the 
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antenna) to the plasma and, tnereOy. precludes any associated loss of plasma unifornr.tr/ arc access 
uniformity for high energy charged particles. 

8. MAGNETIC FIELD CONFINEMENT AND ENHANCEMENT 

5 

1 ) Confinement 

To reduce losses (decreased plasma density) at the walls 17W of the cylinder/dome source, a magnetic 
arrangement is provided which generates a peripheral annular (shallow) field. In a preferred arrangement. 

to shown m the FIG. 13 horizontal section representation, this field is provided by a closely-spaced "tucket" 
or cylindrical multi-polar array of axially-onented permanent magnets or electromagnets 76-6 eacr. 
which is magnetized across its small dimensions to form a closed, alternating pole, penpnerai -n-S-n-'o- 
magnetic field 8. The multi-potar array generates a multt-cusp magnetic mirror 77 at the ccme 
Alternatively, the array may be nonzontal ring magnets. Such magnets reduce electron losses to ire 

;s 17W. thus enhancing plasma density and uniformity without subjecting the wafer to magnetic fields 

Optionally and similarly, permanent or electromagnets may be positioned m a multi-poiar array arCLrc 
the lower chamber 16A. typically m the alternating pole north-south-north-south., north-south arrangement 
to generate a" multi-cusp magnetic mirror at the chamber walls. The magnets may be vertical bar magnets 
or preferably horizontal nng magnets, for example. Such magnets may be used to reduce electron tosses :o 

20 the wails, thus enhancing plasma density and uniformity, without subjecting the wafer to magnetic fields m 
addition, a radial array of magnets can be mounted on the top of the dome or on the top plate i7T or xe 
cylindrical source to reduce losses at the top. 

Referring to FIG. 3. in another aspect, the plasma in the substrate processing region 16B can ce 
decoupled from the plasma m the generating or source region 16A by positioning a generally planar gno cr 

25 magnets at the bottom of the source region/top of the processing region. The magnetic grid comprises 
closely-spaced generally parallel magnetic bars 78-78 which, like the above-described bucket arrangement, 
are magnetized NS across their small dimension to provide a planar configuration -NS-NS-NS- magnetic 
field with the field lines originating at one bar and terminating at the next. The resulting generally pianar 
magnetic filter 79 across the opening 15 of the source confines the magnetic field to the plane/region cr re 

30 plate and does not penetrate into either the source or wafer region. 

Due to the relationship F = qV x B, high energy/high velocity electrons in the source are bent Dae* or 
repelled by this magnetic field 79 to a greater extent than are ions, and are not able to penetrate to the 
substrate processing region. This reduces the density of high energy electrons in the processing region 1 68 
and decreases the plasma density in that region. The processing and source regions are decoupled. 

35 This fitter magnetic confinement approach is particularly useful for decoupling the plasma region m a 
compact system. That is. it is useful, for example, for providing a high radical density without hign .on 
density at the substrate, while retaining compactness. In contrast, the conventional approach would recuse 
increasing the distance between the substrate and the source to the detriment of compactness, in one 
preferred arrangement, the filter magnetic confinement is implemented in a machined aluminum cuate 

40 having hollow bars for air cooling and long thin magnets therein. 

The bucket magnet confinement arrangement and the filter magnetic confinement arrangement can oe 
used together. 

2) Enhancement 

46 

As mentioned above, one or more (preferably, at least two) permanent or electromagnets 81-81. fig. 3 
may be used to define a static, generally axial magnetic field orthogonal to and through both the horuomai 
plane of the antenna coils and the electric fields induced by the radio frequency RF radiating antenna. 
Preferably, as described below, one of three field-types is used: uniform, dvergent or magnetic mirror 

so Referring to FIG. 14A. a homogenous, axial uniform magnetic field 82 appfled orthogonally to the wafer 
5 by the magnets 81-61 restricts the motion of the electrons to the walls. Because of the inability of ions to 
follow high frequency field variations, the loos follow the electron deficiency, and are concentrated in 
plasma over the wafer. For maximum efficiency, this and other static magnetic fields can be tuned to 
resonance with the high frequency electromagnetic field: omega ■ 2 * F ■ 8e/tn. where B is the magnetic 

55 flux density and e and m are the electron charge and mass, respectively. 

An axsalfy divergent field 83 Is depicted s chem a tically m FK1 148, By the conservation of magneoc 
moment the axial gradient of the magnetic field converts circular translations! energy to axial translator* 
energy and tends to drive the electrons and ions from the stronger field regions to the weaker regions 
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thereof. Diverging magnetic fields can be used to pusn tr.e electrons ana ions 'rem tr.e siasrr.a ^ereratir.g 
regions and to concentrate the plasma at the wafer. 

Referring to FIGS. MC and 140, there are shown, respectively, a bulging or aiding magnetic field 34 
(FIG. 15C) and a cusp-shaped or opposing field 85 (FIG. 150). The effect of each of these so-called 
'magnetic mirror* fields is similar to that of the axially divergent field: charged particles are driven from the 
relatively strong field regions (t the ends here) toward the relatively weak central region. 

Selectively positioning the magnet(s) and selecting and varying the strength of the fields provided by 
the single magnet or cooperating magnets shapes the associated uniform, diverging, or magnetic mirror 
field m controlled fashion to increase the density of the plasma at the wafer. For magnetic mirror fieias. the 
preferred wafer position for maximum plasma density enhancement is closely adjacent to or at the Cuige or 
cusp, to provide maximum plasma aensity enhancement. 

it may be desired to use an axial magnetic field at the volume of the antenna to ennance nasma 
generation, but to eliminate the magnetic field at the wafer. An annular disk of high magnetic cermeacMty 
materials (such as nickel or steel for son iron) may be interposed below ihe magnet(s) ana the ciare ;t 
antenna but above the water 5. 

3. Extraction 

An appropriate magnetic field can be used to extract ions and electrons toward the wafer. 
9 CONTROL SYSTEM 

The following descriptions are used here m reference to the control system depicted m FIG. 16 



Psp: Power set point 

Pf: Forward power ■ Measured by directional 

coupler located at/inside 
power supply 

Pr: Reflected power * " 

I 2 | : Magnitude of impedance 

<phi: Phase of impedance 

Tsp: Tune set point 

Lsp: Load set point 

Tfb: Tune feedback (measured) 

Lfb: Load feedback (measured) 

FIQ. 16 is a block diagram of an exemplary system for controlling the various components including the 
power supplies. Here, a system controller 86 is interfaced to antenna power supply 31, impedance bridge 
87, antenna 30, bias power supply 42, impedance bridge 88, matching network 43, and cathode 32. The 
process parameters antenna power and DC bias, selected for ion flux density and ion energy, are supplied 
as input to the controller 86. Controller 86 may also control other parameters such as gas flow(s). chamber 
pressure, electrode or wafer temperature, chamber temperature, and others. The controller may preset 
initial tune! and toadl condition s by issuing signals on Tspl and Lspl tines connected to antenna 30. The 
controller may also preset initial tune2 and toad2 condHtons by issuing signals on Tsp2 and Lsp2 lines 
connected to the matching network 43. Typically, these conditions are selected to optimize plasma initiation 
(gas breakdown). Power may be applied first to either the antenna 30 or to the cathode 32. or applied 
simultaneously to both, the controller 86 issues power set points on Pspl Bne to antenna power supply 31 
and on Psp2 line to bias power supply 42 simultaneously or sequentially (in either order). 

Avalanche breakdown occurs rapidly in the gas, generating a plasma. Controller 88 monitors forward 
power (Pn) and reflected power (P rt ) to/from the antenna 30, and monitors forward power (P Q ) and reflected 
power (Pft) to/Trom the cathode 32. DC bias (cathode to anode DC voltage) is also monitored as shown by 



if 
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controller 86. The controller adjusts the coil tunei and loadl parameters by issuing set points cn lines T<sc : 
and Lsp<. based on either (a) forward power P (! and reflected power Pn. or (b) impedance magnitude |Zil 
and impedance phase <phii . Bridge 87 furnishes impedance magnitude and phase angle information to the 
controller. The antenna 30 is matched when reflected power P„ is substantially zero and when rhe 

5 imceoance (magnitude and phase (Zi|<phi) is the complex conjugate of the coil power supply output 
.mpedance. (The zero reflected power condition and the conjugate impedance condition occur simulta- 
neously, so either reflected power may be minimized or impedance may be matched, with the same result 
Alternatively. VSWR (voitage standing wave ratio) or reflection coefficient may be minimized) Controller 36 
adjusts the cathode 32 and the matching network 43 tunes and load? parameters by issuing set points cn 

to tne Tso? and Lsp? 'tries, based on either (a) forward power P, 2 and reflected power P, z or <b) impeaar.ce 
magnitude \Z 2 \ and .mceaance pnase <phi ? . Bridge 88 furnishes impedance magnitude |Z : j and pnase 
<oni 2 information to the controller 86. Matching occurs when, similarly to antenna matching, reflected power 
P., lS essentially zero, and when impedance (magnitude |Z 2 | and phase <phi ? ) is the complex conjugate :t 
;ne Dias power suooly 504 output impedance. DC bias is monitored by controller 86. which vanes the cias 

J5 oower supdy's outout cower to obtain the desired measured DC bias. Controller 86 subtracts the measurec 
value of DC b.as from tne desired value of DC bias. If the difference «s negative, bias power suopiy -*2 
outout is increased, if the difference is positive, the bias power supply output .s decreased ihigner c«as 
oower supply output generates a more negative DC bias). Proportional, proportional-integral, or proportional- 
mtegral-denvative control or other control may be used m accordance with this method. 

20 Alternatively, instead of the preferred embodiment of adjusting bias power supply 42 output to maintain 
a constant DC bias, a constant bias power supply output may be used. 

in addition to the DC bias servo-matching technique discussed above, automatic tuning can also oe 
accomplished by servomg to the peak-to-peak RF voltage. This latter approach may be advantageous, (or 
example, m certain etch processes which require sufficient conductive surface area m the cathode and 

25 anode to provide current to drive the instrumentation. The use of polymer coating techniques may passivate 
these conductive areas and prevent the current from saturating the instrumentation and obtaining a valid 
reading, m contrast, the peak-to-peak RF voltage approach is unaffected, especially at the low frequencies 
associated with the preferred frequency ranges. Measurements can be taken at the matching network 43 
close to the chamber rather than at the cathode. 

30 Controller 86 may be a central controller, or a distributed system of controllers. 

The turn-on/turn-orf sequence may be important for sensitive wafer device structures. Generally, it is 
preferred to turn the source on first and off last, since sheath voltage change is minimized with such a 
method. For some applications, it may be preferred to turn bias on first. 

10. TRANSMISSION LINE STRUCTURE 32 

As described in detail in the above mentioned referenced applications, proper coaxial/transmission line 
design requires both a feed via a low characteristic impedance, short transmission line from the matching 
network to the wafer and a return path along the transmission line. This design requirement is satisfied by 

40 the integral transmission line structure 32 depicted in FIG. 1 which comprises the cathode 32C. concentre 
annular conductor 320. and a non-porous low toss insulator 321* which surrounds the cathode 32C and 
insulates the cathode from the concentric annular conductor -320 and displaces process gases which 
otherwise might break down. For example. Teflon™ or quartz materials are preferred because they have 
high dielectric strength, low dielectric constant and tow loss. The input side of this structure is connected to 

4s the matching network in a manner described below. The insulated cathode 32C and outer conductor 320 
provide separate current paths between the matching network 43 and the plasma. One reversible current 
path is from the matching network along the outer periphery of the cathode 32C to the plasma sheath at the 
chamber (electrode) surface. The second reversible path m from the ptasma along the upper inside section 
of chamber walls 12 then along the conductive exhaust manifold screen 29 and via the inside of the outer 

so conductor 320 to the matching network. Please note, the exhaust manifold screen 29 is part of the uniform 
radial gas pumping system, and the return path tor the RF current 

Ouring appOcatton of alternating current energy, the RF current path alternates between the directions 
shown and the reverse directions. Due to the coaxial cable type of construction of the transmission line 
structure 32 and, more specifically, due to the higher internal impedance of the cathode 32C (relative to the 

ss outside thereof) and the higher impedance toward the outer surface of the conductor 320 (relative to the 
inner surface thereof), the RF current la forced to the outer surface of the cathode 32C and to the inner 
surface of the outer exxiductor 320. in the manner of a coaxial transmission fine. Skin effect concentrates 
the RF current near the surfaces of the tra ns missio n fine, reducing the effective cross-section of the current 
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path. The use of large wafers, for examples, warers 10 16 to 20.32 cm ^ - 3 mcr.esj .n :.arr. e ter ano r.e 
commensurateiy large diameter cathode 32C and large diameter outer conductor 320 crov.cie large effective 
cross-section, low impedance current paths along the transmission line structure. 

Also, if the coaxial-type transmission fine structure 32 were terminated in a pure resistance ecual to >ts 

5 characteristic impedance Zo. then the matching network would see the constant impedance Zo. independent 
of the length of the transmission line. However, such is not the case here, because the ptasma is operating 
over a range of pressure and power, and comprises different gases, which collectively vary me load 
impedance that the plasma presents to the end of the transmission line 32. Because the load I, (S 
mtsmatcned from the non-tdeal (i.e.. non-lossiess) transmission line 32. standing waves cresent on the 

to transmission line will increase resistive, dielectric, etc.. losses between the transmission ;me ana the 
matching network 43 Althougn the matching network 43 can be used to eliminate any sianonc, *aves arc* 
subsequent losses from the input of the matching network cack to the amplifier or power succiy 42. the 
matching network, transmission line feed 32 and plasma inside the chamber comprise 2 'esonant system 
that increase the resistive, dielectric, etc.. 'osses between the transmission line 32 arc the maicrir.r 

is network 43. In snort, the load impedance Z, will be mismatched with losses, but losses are minimum *r e n 
Z: - Zo. 

To dimmish the losses due to the load mismatch, the coaxial-type transmission hne structure 32 <s 
designed to have a characteristic impedance Zo that is best suited to the range of load impedances 
associated with the plasma operation. Typically, for the above-described operating parameters (example 
20 btas frequency range approximately 3 to 3 MHz) and materials of interest, the series equivalent RC load 
impedance. Z. . presented by the plasma to the transmission line will comprise a resistance within the 
approximate range 10 ohm to 100 ohms and a capacitance within the approximate range 50 picofarads to 
perhaps 400 picofarads. Consequently, as the optimum, a transmission line characteristic impedance Zo is 
selected which is centered within the load impedance range, i.e.. is approximately 30 to 50 ohms. 

25 it is necessary that the transmission line 32 be very short in order to avoid transformation of the olasma 
impedance that the matching network sees. Preferably, the transmission line is much less than a quarter 
wavelength, x/4. and. more preferably, is about (0.05 to 0.1) X. 

Also, for efficient coupling of power, the inside diameter (cross-section dimension) of the return 
conductor 320 should not be significantly larger than the outside diameter (cross-section dimension) of the 

30 center conductor 32C. 

In short, the chamber incorporates a transmission line structure that couples power from the matching 
network 31 to the plasma 33. That transmission line structure (1) preferably is very short compared to a 
quarter wavelength at the frequencies of interest or. alternatively, is approximately equal to an integral half 
wavelength, to prevent undesirable transformation of the plasma impedance; (2) has a charactenstic Zo 

35 selected to suppress losses due to the presence of standing waves on the line between the plasma and the 
matching network; and (3) uses an outside conductor path cross-sectional dimension which is not 
substantially larger than that of the center conductor. 



11. CHAMBER TEMPERATURE CONTROL 

40 

Temperature control features which may be incorporated in the reactor chamber system 10 include, but 
are not limited to, the use of a fluid heat transfer medium to maintain the internal and/or external 
temperature of the gas inlet manifold s above or below a certain value or within a certain range; resistive 
heating of the cathode 32C; fluid heat transfer heating or cooling of the cathode 32C; the use of gas heat 

46 trans fer me dityn between the wafer 15 and the cathode 32C; the use of a fluid heat transfer medium to heat 
or cool chamber walls 12-14 and/or dome 17; and mechanical or electrostatic means for clamping the wafer 
15 to the cathode 32C. Such features are disclosed in commonly assigned U.S. Patent No. 4,872,947, 
issued October 10, 1989, and commonly assigned U.S. Patent No, 4,842.683. issued June 27, 1989, which 
are incorporated by reference. 

so For example, a recirculating closed loop heat exchanger 90 can be used to flow fluid, preferably 
dielectric fluid, through the block and pedestal of the wafer support/cathode 32C. as indicated schematically 
by flow path 91. to cool (and/or heat) the water support For stOcon oxide etching, dielectric fluid 
temperatures of. for example, -40 'Care used. As mentioned above, the heat transfer between the wafer 5 
and the wafer support 32 is enhanced by an inert gas heat transfer medium such as heOum at the wafer- 

55 support interface. 

The chamber waifs and the dome can be heated and/or cooled by air convection (blown air) and/or a 
di electric fluid heat exchanger. For example, closed circuit heat exchanger 92 recirculates dielectric fluid at 
a controlled temperature ranging from heating to cooling, for example, + 120*C to -1 50 # C, along path 93 
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through the chamber sidewalls. S.m.iariy. the come s.dewails lTW and top i/T can ^ r.ea.ea *r.ccr 
cooled by heat excnangers 94 and 96 whicn rec.rcuiate fluid along paths 95 and 97. respectively. 

in an alternative dielectric heat control system, the antenna coil 30 is pos.t.oned between the „cude 
walls 17W of the dome, immersed m the recirculating dielectric fluid. 

in another alternative approach lor dielectric fluid heat control of the dome, the coils of the antenna 30 
are encapsulated in h.gh temperature plastic or Teflon-, heat conductive thermal grease .s appl.ed 
between the encapsulated antenna and the dome, and the co-l. which ,s hollow, is heated and/or cooled by 
fiow.ng the c.eiectr.c fluid through the co,l Because RF energy ,s also applied to the ecu and cecause ■:( 
the prox.m.ty to the source plasma, the c.eiectnc o.l must have good dielectric and .nsu.at.ng precedes arc 
a h,gh boning pomt. >n addition to nav.ng n,gh specific heat and density for efficen, heat trans.er a. 
acceptable flow rates. One su.taoie ceiectnc tiu.d is S-ltherm. available from DuPcnt. 

12. TH REE ELECTRQOE CONFIGURATION 

Referring to FIG. i . .n a presently preferred embodiment, the chamber incorporates a un.cue. ;r, e - 
electrode arrangement wh.cn affords nove. process contro. and enhancement. The arrangement combes 
a catnooe (preferably the wafer support e.ectrode 32). an anode (preferably the chamber s,de and boncm 
wans) and a too electrode wh,ch ,s (or .ndudes) the dome top plate 17T. As shown ,n FIG. i me .oo 
electrode may be floating, grounded or connected to an RF power supply 40. The too electrode 
advantageously includes various configurations and can be formed of various materials: conductive matena, 
Preferably alum.num; die.ectnccoated materials, such as anodued aluminum; s.ncon or s..,con.con,a,n,ng 
conductive material such as aluminum-silicon alloy: or may include a sacrificial silicon memoer i.S sue* 
as. but not limited to. a silicon wafer. 



30 
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2S i ) Grou nded Third Electrode 

The grounded top plate 17T improves the ground reference surface for the b,as voltage (relative to <ne 
conventional reference provided by the walls 12) and as a consequence enhances ,on extraction ,rcm :ne 
source 16A to the processing region 16B and so increases process rates (such as etch rates), in addition, 
the grounded top plate improves the coupling of the plasma (generated in the source) with the wafer. 

2) Biased Third Electrode 

The use of an RF-biased third electrode in combination with supplying tree silicon to the source plasma 
(using an electrode which includes or is covered with a silicon<ontaining member), enhances various 
processing characteristics including etch rate and selectivity. Aided by the strong dil ation characteris- 
tics of the source plasma, the silicon enters the gas phase and combines with/scavenges free ftuonne. (The 
dissociation characteristics of the source plasma results in the high concentrations when fluonne^ontain.ng 
gas chemistry is used, for example, to etch oxide. This increases the etch rate of ox.de but also increases 
S» etch rate of the associated wafer materials such as polysilicon and. thus, reduces me oxide to _ poly 
selectivity). The fluorine scavenging by the free silicon permits the use of a stated lighter polymer 
chemistry with a lesser tendency to deposit polymer, including on the chamber and on the sidewalls i of the 
oxide. The result is increased oxide etch rate, increased oxide selectivity relative to poly, and enhanced 
oxide etch anisotropy and vertical profile and decreased microtoading. In addition, the free Silicon affects 
the polymerization reaction and results in a more stable passrvating potymer deposition on the sihcon. 
preferentially relative to the oxide, with enhanced suppression of the porysiBcon etch rate and -ncreased 
oxide selectivity relative to the silicon. 

in addition, the sacrificial silicon<ontaining third electrode operates ^^"^ J^* * 
carbon- and oxygen^ontaining gas such as CO and/or COj additive, to form « 
surfaces. This irSe^pc^ of siPcon etching and enhance, sector 
and increases the polymer sidewall deposition on the oxide, thus enhancing etch anisotropy arri ve^ 
Small etch pnZVthe oxide. We use -synergistic^' advnsedry. became a^ Proce^ 
enhancements from combining the carbon- and oxygen^ontatning gas ch «^ 1 ^! 
sacrrficiaJ silico««ontaining electrode is greater than a mere addition of me indMdual 
features. In addition, the use of these features in a gas chemistry containing a CHF, mam etchant also o 
synergistic in that the oxide etch rate increases, along with a decrease in porysiBcon etch rate relative to 
other fluorine chemistries. 



so 
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Example: Etching Poiyswcon over Silicon Oxice 

Polysjlicon over silicon oxide on silicon wafers was etcned m our three-eiectroce cnamcer .js.ng 
pressure within the range about 2.66 x 10~* Oar to about 2.66 x 10~ S bar (about 2 mT to about 20 ml); so 
s cc chlorine (CI?) etchant gas Mow rate (manifold G1 only); source power of 1500 warts; bias voltage of * 20 
volts; and a. grounded top electrode (without silicon), providing a poiysiitcon etcn rate of 350 to 400 nm 
(3500 - 4000 Angstroms) per minute, a vertical etch profile, and a > 100: 1 selectivity of poiysilicon to oxice 

Example: Silicon Oxide Deposition 



Two-steo bias sputter deposition of silicon dioxide on silicon wafers was dene «n <:-jr 'rvee-e^c" roe 
chamber using a pressure (both steps) of aoout 2.66 < 10 ~* bar to aoout i .33 * i0~- car -acout 2-7 -o 
about 10 mT); gas flow rate of about 200 cc argon/90 cc oxygen/45 cc silane (both steos - rramrc: j; 
only); source power of 2000 wans (both steps); grounded too electrode (both s;eos». arc cias .r..:a;^ jf 
15 about -20 volts (first step) and about 100-200 volts (second step), thereoy providing a oepcs.ticn cunr,; re 
first step (no sputtering) of > 750 nm (> 7500 Angstroms) per minute and net oxide cecositicn dun^g ne 
second step (deposition with profile control sputtering) of approximately 400 to 500 nm i4OG0 -o ^000 
Angstroms) per minute. 

20 Example Etching Silicon Oxide over Poiysilicon using Polymer-Forming Chemistry 

Silicon oxide over poiysilicon was etched m our three-electrode chamber using pressure 2 56 < iO"" 1 
bar to 3.99 x 10" 5 (2 - 30 mT); gas chemistry flow rates CHF3. 30 - 60 seem; CO or C02. 6 - 18 seem, ana 
Ar, 100 - 200 seem (inlet manifold G1 only); source power of 2000 watts; bias voltage of 200 voits. *oo 
25 electrode 17T with a silicon disk 175 mounted thereto and biased by RF energy of 2 MHz and '000 wans 
The silicon oxide was etched at a rate of 8000 Angstroms per minute with 50:1 selectivity of oxice to cciy 
Alternatively, the silicon-containing body may be supplemented by a silica coating on the quartz dome wails 
17W. 




30 13. FURTHER DISCUSSION OF ETCHING APPLICATION 
1 ) The etching problem 

A significant challenge in semiconductor fabrication is to etch away selected thicknesses of smcon 
35 dioxide when the underlying layer is poiysilicon. A high degree of selectivity is desired, so that the sniccn 
oxide will be etched at a relatively high rate while any exposed poiysilicon will not be significantly excr.ee at 
all. Unfortunately, poiysilicon normally etches faster than silicon oxide. A conventional solution to this 
problem is to introduce into the plasma gases some combination of carbon, hydrogen and fluorine, sucn as 
CHF 3 in conjunction with CF*. or hydrogen, or methane. The result is to produce a thin passivating layer :n 
40 the poiysilicon, so that etching can continue at a relatively high rate on the silicon oxide. Unfortunate* v. a 
high-density plasma may dissociate, in the source region, into the atomic components of the feed gases, 
and a thick polymer layer that is formed on the wafer makes etching of small device geometries ^ere 
difficult An important concept in this regard is "microtoading," which is defined as: 
1 - (etch rate ratio), 

45 where the etch rate ratio is the ratio of the etch rate in small features of a wafer to the etch rate «n a/ge 
features. Thus, if an etch process has the desirable property of etching small and large features at the same 
rate, the microtoading will be 1 * 1/1 * 0. In a process in which smaller features etch at a much slower 'ate. 
the microtoading figure will tend toward 1 .0. 

The difficulty in the etching application described is that in order to obtain high etching selectivity, one 

so has to use a relatively large amount of polymer-forming gas in the plasma, but the polymer layer results m 
microtoading of much greater than zero. Typically, one can expect to obtain no better than a 10:1 saertrwty 
ratio coupled with about 0.1 mtorotoadlng. However, there are many app li cat i o ns that require selectivity 
ratios as high as 30:1 or 40:1, with microtoading of practically zero. 

ss 2) Using Silicon in the Source Region 

For high-density plasma sources, one of the dissociation products that etches poiysilicon spontaneously 
is fluorine. As previously mentioned, stOcon may by used to rid the source region of free fluorine radicals. 



19 



Best Available Copy 



EP 0 520 519 A1 



The silicon may take the form of a coating on the th.rd electrode 1 7T or on -he .rs-oe *aiis i - -v c 
chamber If the sacrificial silicon ,s on the walls, the th.ckness of silicon becomes a consideration, tccetrer 
with rhe frequency at wh.ch RF energy is supplied to the plasma from the antenna 30. These carameters 
must be chosen to ensure that sufficient energy will be coupled electromagneticaiiy through the chamber 

s wads If the silicon .s incorporated mto the th.rd electrode as indicated at 17T. the s.l.con thickness .s not 
critical m any event, if s.licon ,s made available to scavenge free fluonne from the source reg.on. me result 
,s the formation of s.licon fluoride (SiR). wh.ch is a volatile gas that can be easily pumoed out of the 
,-hamber if flucr.ne -.s removed .n this way. lower concentrations of pciymer-'orm.ng gas are -eecec arc 
there is a lesser tendency to deposit heavy polymer on the wafer It appears mat sewct.v.ty .s .mcrcvea cy 

o two mechanisms. First the removal of fluorine reduces the etching rate of polysil.con. and second. me 
presence of silicon m the source region seems to affect the manner .n «h,cn the me ccymer a-.* <• 
formed. For reasons not yet fully understood, the polymer layer forms more rapidly on ooivsmctr, ~ u r .r 
silicon oxide, again enhancing me etching process. 

The silicon material will .tseif become coated w.th polymer during the process, ana may events,., 

s cease to be effective if the silicon .s heated, this w.ll reduce the polymer formation, and ,i :ne s...c-n s 
biased electrically .t is possible to increase bombardment of the silicon surface sufficiently mat the ooymer 
,s sputtered off the surface, to expose the silicon again. Therefore, one of the presently preterm 
embodiments of the .nvent.on uses s.l.con on a b.ased electrode, but the silicon may alternatively oe 
incorporated mto an unbiased electrode surface, or mto the chamber walls. 

•o 

3) Usi ng an oxygen-contammg additive gas 

As discussed above .n sect.on 12. the use of a gas such as CO or CO, .n the source region tunrer 
enhances etch.ng performance. Specially, the ability of the plasma to etch poly s.licon ,s suppressed and 
25 the etcn.ng selectivity of silicon ox.de relative to polysilicon is enhanced. Further, polymer sicewail 
deposition on the ox.de is reduced, thus enhancing etch an.sotropy and vertical s.dewall etcn profile of the 
' oxide Although the preferred approach is to use an' oxygen-containing additive gas together w,m the ctr.er 
related enhancements, i.e. w.th silicon incorporated mto a b.ased top electrode, an oxygen-conta,n,ng 
additive gas may also be used to some advantage without a b.ased top electrode and w.thout s.muita- 
30 neously using silicon to scavenge fluorine from the source region. 

H. OTHER FEATURES 



1) Plasma Control 

A preferred feature of the invention is to automatically vary -bottom" power to maintain a constant 
cathode (wafer) sheath vortage. At tow pressures (<6.85 x 10- bar (<500 ml)) in a highly asymmetnc 
system, the DC bias measured at the cathode is a dose approximation to the cathode sheath voltage. 
Bottom power can be automatically varied to maintain a constant DC bias. Bottom power has very i.ttie 
40 effect on plasma density and ion current density. Top or antenna power has a very strong effect on plasma 
density and on current density, but very small effect on cathode sheath voltage. Therefore, it ,s desired to 
use top power to define plasma and ton current densities, and bottom power to define cathode sheath 
voltage. 

45 2) Differential Bias 

As an alternative to biasing the wafer 5 with respect to ground, the bias matching network 43 and the 
top plate 17T can be "ungrounded" and referenced to one another, as indicated by the dotted connection 
SO, FIGS. 1 and 2. Referring to FK3. 2. the top plats Is driven differentially and balanced so that the voltage 
so W^s between the top plate and the wafer Is a«)rcodrnatery twice the rnagrtitude of the voltage V™**™** 
the top plate and the wall 12. and approximately twice the magnitude of the voftage Vs*w between tne 
wafer and the wall. This balanced differential drive reduces the InteractJon of the plasma with the walls and 
increases the interaction - ton extraction -between the source region 1 8A and the wafer region 168. 

ss 3) Alternative Configurations 

The inventive plasma reactor system is depicted in RQ. t in the corTventJonai orientation, that is 
vertically, with the substrate 5 residing on an electrode 32 (cathode) and the antenna 30 surrounding the 
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dome 17 above the etectrode. For convenience, it was referred to the power succitec ;o T.e ar^rr.a 30 as 
"antenna" or "source" or "top" power and that supplied to the electrode/cathode 32 as "bias" cr "tcncm* 
power. These representations and designations are for convenience only, and it is to be understcca that the 
described system may be inverted, that is. configured with the electrode 32 on top and an antenna located 

5 below this electrode, or may be oriented in other ways, such as horizontally, without modification, in short, 
the reactor system works independently of orientation. In the inverted configuration, plasma may be 
generated at the antenna 30 and transported upwardly to the substrate 5 located above the antenna m the 
same manner as described in the specifications. That is, transport of active species occurs by Otrfusion and 
bulk flow, or optionally assisted by a magnetic field having an axial gradient. This process dees net ceoena 

to on gravitational forces and thus is relatively unaffected by orientation. The inverted orientation may be 
useful, 'or example, to minimize the probability of particles formed in the piasma generation -egic-n in T.e 
gas pnase or on a surface, falling to the substrate. Gravity then reduces the procaoiy ot ail Cut T.e smasies; 
of such particles moving upward against a gravitational potential gradient to me suDstrate surface 

tt will be understood from the foregoing detailed description that the pnnocies ot tne nvemcn are i^c 

is applicable to alternative configurations other than the one described by way of example. A common feature 
of ail the configurations to which the invention pertains is that a plasma be formed arc matniamec <n a 
chamber by means of electromagnetic coupling of RF energy from outside the chamber. For curcoses cf 
this invention, the term electromagnetic coupling means that the RF energy is coupled mto [he buiW or 
volume of the plasma formed m the chamber, as distinguished from capacitive coupling, wnerem energy is 

20 transferred through a sheath layer between the plasma and one or more electroces in the disclosed 
illustrative embodiment of the invention, RF energy is electromagnetically coupled to the otasma by 
induction, but it will be appreciated that there are other energy transfer mechanisms that also result m 
electromagnetic coupling of RF. energy directly to the bulk of the plasma. For example, microwave ECR 
(electroncylotron resonance) systems also couple energy electromagnetically mto the bulk of the plasma. 

25 

4) High and Low Pressure Operation and Variable Spacing 

The chamber design is useful for both high and low pressure operation. The spacing, d. between the 
wafer support cathode 32C and the plane of the bottom coil or turn of the antenna may be tailored for both 
30 high and low pressure operation. For example, high pressure operation at 6.65 x 1G* 4 bar to 6.65 x 1Q~ 2 
bar (500 miilitorr • 50 torr) preferably uses spacing d < about 5 centimeters, white for lower pressure 
operation over the range <1.33 x 10~ 7 bar to 6.65 x 10~* (< 0.1 miilitorr • 500 miilitorr), a spacing d > 5 
centimeters may be preferable. The chamber may incorporate a fixed spacing d, as shown, or may utilize 
variable spacing designs such as interchangeable or telescoping upper chamber sections. The reactor 

39 system 10 is useful for processes such as high and low pressure deposition of materials such as silicon 
oxide and silicon nitride; low pressure anisotropic reactive ion etching of materials such as silicon dioxide, 
silicon nitride, silicon, potysiitcon and aluminum; high pressure plasma etching of such materials; and CVD 
faceting involving simultaneous deposition and etchback of such materials, including pianarization of wafer 
topography. These and other processes for which reactor system 10 may be used are described in 

40 European patent applications 91112905.4 and 91112917.5, which are incorporated by reference. 

15. APPARATUS EXAMPLES 

A present working embodiment of the system incorporates the source configuration and the antenna 
45 configuration depicted in Rg. 1 . The 12.7 cm (5 inch) high quarts source chamber 17 has a diameter of 
30.48 cm (12 inches). The 2 MHz, 33.02 cm (13 inch) diameter, 10.16 cm (4 inch) high, 13 turn coil antenna 
is terminated at both ends (with variable capacitors L and T which are grounded), spaced about 0 635 cm 
(0.25 inch) from (below) the ground plane* and surrounds the source. Reactive load matching is supplied by 
the variable capacitor L (10-3000) picofarad variable cap, rated 5kV). Also, capacitive tuning of the antenna 
so to resonance is provided by a tuning capacitor T (5-100 picofarad, 15kV rating). Operation using source RF 
energy of 2 kilowatt. 2 MHz provides a plasma which extends to the wafer, which is 5.08 cm (2 inches) 
downstream (beneath the source). This provides a plasma density of 1-2 x 1012/cm* and ion saturation 
current density of 10-15 mA/cm 2 dow ns tr ea m at the wafer. A bottom or bias of 2 MHz, 600 watts applied to 
a 12.7 cm (5 inch) wafer positioned on the support electrode approximately 5.08 cm (2 inches) below 
M (downstream) of the antenna provides a 200 volt cathode sheath voltage. 

16. PROCESSES 



14 



Best Available Copy 



EP 0 520 519 A1 



As indicated above, the above-descnbed reactor embodying the present invention is uniquely useful 'cr 
numerous plasma processes such as reactive ion etching (RIE), high pressure plasma etching, low pressure 
chemical vaoor deoosition (CVD) including sputter facet deposition and plananzation. and high pressure 
conformal isotropic CVO. Other applications include, but are not limited to. sputter etching, ion beam 
5 etching, or as an^eiectron. ten or active neutral plasma source. 

(Those of usual skill m the art will appreciate that the present invention is not limited to the use of a 
dome per se Rather, .t applies to substantially any configuration having a source region and processing 
region. This includes, for example, the "stepped", domed chamber configuration decictad m tne crawmgs 
as well as a more conventional, non-stepped configuration in which the source and processing -egion or 
•o chamber sections are substantially the same cross-section.) 

Claims 

1. An RF plasma process apparatus (10) for processing a workpiece. comprising: 
, 5 a) a vacuum chamber (16) including a plasma source region (16A); 

b) a workpiece support member adapted for supporting the workpiece (5) to ce processed at a 
position withm the chamber (16) outside the plasma source region; 

c) at least one gas manifold (G1.G2.G3) mounted in the chamber for supplying process gas into the 
plasma source region; 

20 d) first and second RF power supplies for producing RF energy. 

e> plasma excitation means (30) for electromagnetically coupling RF energy from the hrst RF power 
suopiy mto the plasma source region so as to form a plasma from said process gas: 

f) a cathode electrode (32c) located outside the source region and near said workpiece position 
within the chamber, the cathode electrode being electrically coupled to the plasma througn an 

25 electrical power source so as to create an electric field which attracts charged particles from the 

otasma to flow toward the cathode electrode; 

g) an anode electrode mounted in the chamber for capacitively coupling RF energy Irom ;ne second 
RF power supply into the chamber, thereby establishing a voltage across a plasma sheath; ana 

h) a silicon source (t7s) for supplying silicon ions into the chamber (16). 

30 

Z An RF plasma process apparatus (10) especially according to claim 1. comprising: 

a) a vacuum chamber (16) including a plasma source region (16A); 

b) a workpiece support member adapted for supporting a workpiece (5) to be processed at a 
position within the chamber outside the plasma source region; 

35 C ) at teast one gas manifold (G1;G2;G3) mounted in the chamber for supplying process gas into the 

chamber plasma source region; 

d) first and second RF power supplies for producing RF energy; 

e) plasma excitation means (30) for electromagnetically coupling RF energy from the first RF power 
supply into the plasma source region so as to form a plasma from said process gas; 

40 f) a cathode electrode (32C) located outside the source region and near said workpiece position 

within the chamber, the cathode electrode being electrically coupled to the plasma through an 
electrical power source so as to create an electric field" which attracts charged particles from the 
plasma to flow toward the cathode electrode; and 

g) an anode electrode mounted in the chamber for capacitively coupling RF energy from the second 
45 RF power supply into the chamber, thereby establishing a voltage across a plasma sheath; 

h) wherein the first RF power supply produces RF energy at a frequency which is low enough to 
avoid damage to said article caused by electrical current flow in the article, and which is high 
enough to provide efficient coupling of RF energy mto the plasma. 

so 3. An RF plasma process apparatus (10) especially according to any one of the preceding claims, 
comprising: 

a) a vacuum chamber (16) including a plasma source region; 

b) a workpiece support member adapted for supporting a workptece (5) to be processed at a 
position within the chamber outside the plasma source region; 

55 c) at least one gas manrfoW (G1;G2,-G3) mounted in the chamber far supplying process gas into the 

plasma source region; 

d) first and second RF power supplies for producing RF energy; 

e) plasma excitation means (30) for electromagnetically coupling RF energy from the first RF power 
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supply into the plasma source region so as to form a plasma from said process gas, 
0 a cathode electrode (32c) located outside the source region and near said workpiece <5i position 
wrthin the chamber, the cathode electrode being electrically coupled to the plasma through an 
electrical power source so as to create an electric field which attracts charged particles frcm :he 
5 plasma to Mow toward the cathode electrode; and 

g) an ^anode electrode mounted in the chamber for capacitively coupling RF energy from the second 
RF power supply into the chamber, thereby establishing a voltage across a plasma sheath; 

h) wherein the second RF power supply produces RF energy at a frequency which is low enough to 
avoid damage to said article caused by electrical current flow m the article, ana *ntcn is r.ign 

'0 enough to avoid voltage induced damage to the article caused by impingement by energetic 

particles. 

4. An RF ciasma orocess apparatus esDeciaily according to any one of the preceding .-(aims ccmcfs r.; i 
vacuum chamber (16) having a plasma source region (16A) near one eno ol ;ne cnamcer a z^cz>:d 

is structure adapted for supporting a workpiece (5) to be processed at a position wtthm the charr.cer 

outside the plasma source region; at least one gas manifold means (G1.G2;G3) for suopiyng c'c^ss 
gas into the chamber; and plasma excitation means (30) for coupling RF energy into the plasma source 
region so as to form a plasma from the process gas; characterized in that the gas manifold means 
comprises: 

a gas miet (G2) positioned near said one end of the chamber (16); 

a first ring manifold (51) positioned near the boundary of the plasma source region furthest from saiG 
one end of the chamber; and 

25 

a second ring manifold (58) surrounding the workpiece position. 

5. An RF plasma process apparatus especially according to any one of the preceding claims comprising a 
vacuum chamber having a plasma source region near one end of the chamber; a workpiece suopon 

30 member adapted for supporting a workpiece (5) to be processed at a position within the chamoer 
outside the plasma source region; at least one gas manifold means (Gl;G2;G3) for supplying process 
gas into the chamber; plasma excitation means (30) for coupling RF energy into the plasma source 
region so as to form a plasma from the process gas; and a cathode electrode (32C) located outside the 
source region and near said workpiece position within the chamber, the cathode electrode being 

35 electrically coupled to the plasma through an electrical power source so as to create an electric field 
which attracts charged particles from the plasma to flow toward the cathode electrode; 
characterized in that the apparatus further comprises: 

a first gas outlet (38) within the chamber which is located within or near the plasma source region 
40 (16A); 

a second gas outlet (18) within the chamber (16) which is located closer to the workpiece position than 
to the plasma source region; and 

45 at least one vacuum pump (21 , 39) connected to the first and second gas outlets so as to exhaust gas 
from the chamber at first and second flow rates through the first and second outlets, respectively; 

wherein the first flow rate is sufficiently greater than the second flow rate to establish a pressure 
differential which causes electrically uncharged particles within the plasma source region to be 
50 exhausted through the first outlet and 

wherein the difference between the first and second flow rates is small enough so that electrically 
charged particles within the plasma source region flow toward the cathode electrode. 

55 6, An RF plasma process apparatus (10) comprising a vacuum chamber (16) having a plasma source 
region (16A) near one end of the chamber a workpiece support member adapted for supporting a 
workpiece (5) to be processed at a position within the chamber outside the plasma source region; at 
least one gas manifold means (Gl t G2,G3) tor supplying process gas into the chamber plasma 
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excitation means (30) for coupling RF energy into the plasma source region so as to form a c'asma 
from the process gas; and a cathode electroce (32C) located outside the source region and near sate! 
workpiece position within the chamber, the cathode electrode being electrically coupled to the piasma 
througn an electncal power source so as to create an electric field which attracts charged particles frcm 
s the plasma ta Now toward the cathode electrode: characterized in that the apparatus further comcnses: 

a magnet structure (78) which produces a magnetic field within the chamber (16); the magnetic field 
bemg substantially parallel to. and confined to. a plane located between the plasma source region (16A) 
and the cathode electrode (32C). the plane being perpendicular to the general direction of Mew of 
•a charged particles from the plasma toward the cathode electrode; whereby the magnetic deic nhicits 
free electrons m the plasma source region frcm crossing the plane, wmie permitting :ons ;o :::ss re 
plane and flow toward the cathode eiectrode 

7. An apparatus according to claim 6. further characterized m that the magnetic field dane ot the ^a«;re* 
:s structure is spaced from the workpiece position sufficiently to avoid the creation ot a significant 

magnetic field at the workpiece position. 

8. An apparatus according to claim 6 or 7. further characterized in that the magnet structure {78) 
comprises a planar array of spaced-apart. bar-snaoed magnets, with adjacent magnets having pees ot 

zo opposite polarity facing each other. 

9. An RF plasma process apparatus especially according to any one of the preceding claims comprising a 
vacuum chamber (16) having a plasma source region (16A) near one end of the chamber; a workpiece 
support member adapted for supporting a workpiece (5) to be processed at a position within the 

25 chamber outside the plasma source region, at least one gas manifold means (G1.G2.G3) for suopiymg 
process gas mto the chamber: plasma excitation means (30) for coupling RF energy into the plasma 
source region so as to form a plasma from the process gas; and a cathode electrode (32C) 'ccatec 
outside the source region and near said workpiece position within the chamber, the cathode eiectroce 
being electrically coupled to the plasma through an electrical power source so as to create an electric 

30 field which attracts charged particles from the plasma to flow toward the cathode electrode; further 
characterized in that: 

a portion of the chamber is bounded by a dielectric wail; and 

3S the apparatus further comprises a magnet structure (76) which produces a magnetic field immediately 
inside the wall which is predominantly parallel to the wail; 

whereby the magnet structure (76) inhibits electrically charged particles from impinging on the wail. 

40 10. An apparatus according to claim 9. further characterized in that the magnet structure (76) comprises an 
array of spaced-apart magnets surrounding the wall, the magnets having their poles oriented oer- 
pendicular to the wall, the poles of adjacent magnets being of opposite polarity, and the magnets oemg 
spaced closely enough to confine the magnetic field to the immediate vicinity of the wall so mat me 
magnet structure does not create a substantial magnetic field at the workpiece position. 

11. An RF plasma processing apparatus (10) especially according to any one of the preceding dams 
comprising a vacuum chamber an RF power supply; and an antenna (30) electrically coupled to the RF 
power supply (16) and positioned so as to radiate RF energy into the chamber; characterized in mar 

so the RF power supply has first and second output terminate, the first terminal being directly connected 
to a point on the antenna; and 

first and second variable capacitors are respectively connected between first and second ends of the 
antenna and the second power supply terminal; 

ss 

whereby an impedance match between the antenna and the RF power supply can be achieved by 
adjusting the two variable capacitors without requiring an inductor to be connected between the power 
supply and the antenna. 
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12. An RF plasma process acoaratus acccrdir.g :c any ore ot tr.e preceding ciaims further ccrtamir: .= 
third electrode (t7t) electrically ccuced ;o said catroce eiectroce or said anode electrode 

13. An RF plasma process aoparatus according :o claim 12 wherein said third electrode (I7t) is iccatec n 
said plasma source region, is ccmccsed cf a siiiccn-ccntainmg material ( 1 7s). and is said smccn 
source^ 

14. An RF clasma process aooaratus accc-rcing to any one of the preceding claims wnerein the means 'or 
eiectrcmagnetically coupling RF energy into the source region incudes an RF antenna (30) acjacent 
:he piasma source region 

15. An RF plasma process apoaratus according ;o c:aim m further ccmprising an e'ectncaiiy o-nc^o* .-e 
shield U5) between the RF antenna (30) and :he chamber M6) for preventing c»rec: ccucimg :* -~ 
eiectric field comconent ot the RF energy trcm ;ne antenna into the cnamcer. wr-erecy !he RF 

from the antenna >s inductively coucied into the oiasma source region 

16. An RF plasma process apparatus according to claim 1. 

wnerem the process gas includes constituents which can etch a first material while fcrm.rg a 
passivation layer cn a second material: and 

wherem the aoparatus further comonses a voltage source for applying to the cathode electrode a CC 
bias voltage (70.71) which alternates between a high value and a low value, the high value cemg a 
voltage which causes exposed portions of the workpiece composed of the first material to be etchec at 
a substantial rate, and the low value being a voltage which causes said exposed portions of first 
material to be etched at a lower rate while a passivation layer is formed on exposed portions of ; he 
workpiece composed of the second material. 

17. An RF plasma process apparatus according to any one of the preceding claims, wherem the first RF 
power supply produces RF energy at a frequency which is low enough to avoid damage to saia article 
caused by electrical current flow in the article, and which is high enough to provide efficient ccuohrg of 
RF energy into the plasma. 

18. An apparatus according to any one of the preceding claims, wherein the frequency of the first RF 
power supply is in the range of about 300 kHz to 3 MHz. 

19. An apparatus according to any one of the preceding claims, wherein trie frequency of the second RF 
power supply is in the range of about 300 kHz to 3 MHz. 

20. A process for plasma etching selected areas of a workpiece surface, comprising the steps of: 
positioning the workpiece near a cathode electrode inside a vacuum chamber; 

supplying into the chamber a process gas having constituents which can etch a first material wmie 
forming a passivation layer on a second material; 

coupling RF energy into the chamber so as to form a plasma from the process gas; and 

applying to the cathode electrode a DC bias voltage which alternates between a high value and a low 
value, the high value being a voltage which causes exposed portions of the workpiece composed ot the 
first material to be etched at a substantial rate, and the low value being a voltage which causes said 
exposed portions of first material to be etched at a lower rate while a passivation layer is formed on 
exposed portions of the workpiece composed of the second material. 

21. A process according to claim 20, wherein the process gas contains a halogen, wherein the first material 
contains oxygen, and wherein the second material does not contain oxygen. 



22. A process according to claim 20 or 21, wherein the passivation layer is a polymer of cartoon and the 
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halogen. 

23. A process according to claim 21 or 22. *nerem the halogen is Muonne. 
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